The enantioselectivity of amine-catalyzed reactions of aldehydes with electrophiles is often explained by simple steric arguments emphasizing the role of the bulky group of the catalyst that prevents the approach of the electrophile from the more hindered side. This standard steric shielding model has recently been challenged by the discovery of stable downstream intermediates, which appear to be involved in the rate-determining step of the catalytic cycle. The alternative model, referred to as Curtin-Hammett scenario of stereocontrol, assumes that the enantioselectivity is related to the stability and reactivity of downstream intermediates. In our present computational study, we examine the two key processes of the catalytic Michael reaction between propanal and β-nitrostyrene that are relevant to the proposed stereoselectivity models, namely the C-C bond formation and the protonation steps. The free energy profiles obtained for the pathways leading to the enantiomeric products suggest that the rate-and stereo-determining steps are not identical as implied by the previous models. The stereoselectivity can be primarily controlled by C-C bond formation even though the reaction rate is dictated by the protonation step. This kinetic scheme is consistent with all observations of experimental mechanistic studies including those of mass spectrometric back reaction screening experiments, which reveal a mismatch between the stereoselectivity of the back and the forward reactions.
INTRODUCTION
Diarylprolinol silyl ethers developed independently by Jørgensen and Hayashi represent one of the most successfully applied organocatalyst families in contemporary asymmetric synthesis. 1 These chiral secondary amines provide several activation modes for aldehydes, and enable a broad range of enantioselective functionalizations as well as various multi-step and domino transformations. 2 The related catalytic cycles are known to involve classical enamine and iminium ion species as the main intermediates, however, the underlying reaction mechanisms are rather versatile and sometimes more complex than foreseen. Diarylprolinol silyl ether catalyzed Michael additions between aldehydes and nitroalkenes (Scheme 1) have been of particular interest for mechanistic studies, 3,4,5 which have revealed interesting new insights, but also have led to conflicting views with regard to the stereochemical control. 6 
Scheme 1. Organocatalytic Michael reactions between aldehydes and nitroolefins. a
a cat denotes the most frequently used Jørgensen-Hayashi catalyst with the CPh 2 OSiMe 3 substituent on the pyrrolidine ring.
beneficial role of acid co-catalysts, which accelerate several steps in the cycle including the protonation of cyclic intermediates (or related zwitterions). 7 This latter process was suggested to be the turnover-determining step of the reaction leading to an iminium intermediate, which then undergoes hydrolysis to furnish the nitroaldehyde product (Scheme 2). 8 The importance of cyclic OO/CB species is thus clearly recognized, however, their role in the catalytic cycle (e.g. whether they are onor off-cycle species) and particularly in achieving high stereoselectivity has been debated. The stereocontrol in reactions promoted by Jørgensen-Hayashi catalysts is commonly interpreted via a simple steric shielding model that emphasizes the selective formation of sterically less hindered enamine (or iminium) isomers and facial differentiation upon the approach of the reacting partners. This model has been applied to the present Michael reaction as well, and considering the Seebach-Golinski topological rules, 9 the observed stereoselectivity could be readily rationalized. The steric shielding model implies that the stereoselectivity is under kinetic control and it is governed by the free energy difference of stereogenic C-C bond formation transition states as illustrated in Figure  1a . The model implicitly assumes that the transition states of the subsequent steps lie much lower in free energy than that of the C-C bond formation and they do not influence the stereoselectivity and the reaction rate.
In light of the mechanistic developments mentioned above, an alternative stereoselectivity model has been introduced by Blackmond and co-workers. 3b In their view, the stereoisomeric downstream intermediates can rapidly interconvert, and the product ratio is actually dictated by the relative stability and reactivity of these intermediates. According to this model, referred to as Curtin-Hammett scenario of stereocontrol, the stereoselectivity is related to the free energy difference of transition states corresponding to the rate-determining step subsequent to C-C bond formation. Thus, any stereochemical bias imposed by the first step would then be inconsequential since the selection for the major and minor enantiomers would take place at the second step (see Figure 1b ). The postponed stereocontrol in Michael reactions catalyzed by Jørgensen-Hayashi catalyst found support from mass spectroscopic studies by Pfaltz and Wennemers. 10 In this study, the forward and back reactions gave rise to different enantioselectivities when the reactions were promoted by the diarylprolinol silyl ether catalyst, and the authors concluded that this result is not consistent with a stereoselectivity-determining C-C bond formation step. The catalytic cycle is represented by two elementary steps for simplicity. TS 1 and TS 2 refer to transition states of two key steps in the reaction (C-C bond formation and protonation), but note that these steps formally include other mechanistically relevant elementary steps as well. Further notations: I = OO/CB intermediates, P = product. Corresponding states on the pathway leading to the minor product stereoisomer are labeled with prime. These two stereoselectivity models are in sharp contrast regarding the underlying concepts, and they assume very different approaches in catalyst design. While the steric shielding model provides a relatively simple way of predicting the enantioselectivity of the reaction, the Curtin-Hammett scenario proposed by Blackmond implies that the selectivity should be inferred from the relative thermodynamic stabilities and reactivities of the intermediates. Unfortunately, the minor diastereomeric intermediate species have thus far escaped experimental detection, perhaps due to their low relative stabilities and, hence, low concentrations.
Computational studies, however, are not limited by the stabilities of the observable intermediates or products, and can provide important contributions in elucidating the mechanism of organocatalytic transformations. 11 Reactions catalyzed by diarylprolinol silyl ethers have been the subject of several computational investigations, 12 which shed light on mechanistic details and brought insight into the origin of stereoselectivity. 13 The stereocontrol in the Michael reaction between propanal (1) and β-nitrostyrene (2) (Scheme 3) has been examined computationally by two groups, 14, 15 both focusing only on the stereogenic C-C bond formation step. The energy barriers associated with the most favored transition states leading to the four stereoisomeric products were found to be in perfect agreement with the observed stereoselectivities, a result that is at least consistent with the steric shielding model.
Scheme 3: Four product isomers formed in the reaction between propanal and β β β β-nitrostyrene.
In our present work, we re-examine the C-C bond formation transition states for the same reaction using a more advanced computational approach that a) accounts for dispersion interactions known to be essential to capture stereoselectivity effects, b) takes into account various corrections to electronic energies (thermal and entropic contributions as well as solvent effects), and c) considers and scrutinizes the increased complexity of conformational space in the molecular model. All these methodological aspects turn out to be important in predicting reliable relative free energies for competing transition states. 16 Furthermore, we explore the variety of diastereomeric cyclic intermediates formed upon C-C bond formation pathways and analyze the kinetics of their interconversion as well. The effect of an acid cocatalyst (p-nitrophenol) on the energetics of these processes is explored. This extended molecular model allowed us to examine the protonation step of the catalytic cycle, so the controversial issue concerning the proposed stereoselectivity models could be addressed as well. Our results point to a kinetic scenario, where the stereoselectivity-determining step is consistent with the steric shielding model, but the turnover-limiting step is later in the catalytic cycle, after the formation of the stable downstream intermediates. The computed free energy profile accounts well not only for the observed enantioselectivity, but also for the seemingly anomalous results of the mass spectrometric back reaction screening experiments.
Computational details. The conformational space of molecular models examined in our study is rather complex (see below), so the sound identification of the most relevant conformers required special attention. Some of the conformational possibilities (for instance, the E/Z and scis/s-trans isomerism of enamine and the facial approach of the electrophile) could be explored systematically, however, other conformational aspects (the puckering mode of the pyrrolidine ring, the orientation of the bulky substituent, and the position of the acid co-catalyst) turned out to be important as well. 17 Our conformational analysis thus involved an initial Monte Carlo sampling using a parametrized force field, namely a slightly modified version of the OPLS_2005 force field. The modification concerns the partial atomic charges used to estimate the energy contribution of Coulomb interactions. These parameters were obtained from density functional theory (DFT) calculations as electrostatic potential (ESP) derived atomic charges. The conformational analysis was carried out using the MacroModel software. 18 The Monte Carlo screening was applied not only for reaction intermediates, but also for transition states. Several, at least a dozen, structurally distinct conformers were selected for geometry optimizations, which were carried out via density functional theory (DFT) calculations.
The DFT calculations were performed by using the dispersion-corrected, range-separated hybrid ωB97X-D exchange-correlation functional 19 along with the 6-311G(d,p) polarized triple-ζ basis set 20 as implemented in the Gaussian09 package. 21 For each located structure, we performed vibrational normal mode analysis to verify the nature of the obtained stationary point (energy minimum or transition state), and also to estimate the thermal and entropic contributions. From transition state structures, we followed intrinsic reaction coordinate (IRC) pathways in both forward and reverse directions, using a Hessian-based predictor-corrector algorithm, 22 and we identified the related intermediates accordingly. Additional single-point energies with the larger 6-311++G(3df,3pd) basis set were obtained for all structures. In all DFT calculations, the ultrafine integration grid was employed to warrant the accuracy of numerical integration.
The thermal and entropic contributions were estimated within the ideal gas -rigid rotor -harmonic oscillator approximation for T = 298.15 K and c = 1 mol/dm 3 conditions. The solvent effects were taken into account as well by computing the solvation free energies (at the ωB97X-D/6-311G(d,p) level) via the integral equation formalism variant of the polarizable continuum model (IEFPCM). 23 The atomic radii and non-electrostatic terms in the IEFPCM calculations were those of the SMD solvation model. 24 We used chloroform and toluene in PCM calculations to model the two most frequently employed solvent media in experiments.
The energy values reported throughout the paper refer to solution phase Gibbs free energies (for chloroform), 25 which were obtained from ωB97X-D/6-311++G(3df,3pd) electronic energies and all additional terms computed at the ωB97X-D/6-311G(d,p) level. Previous benchmark calculations 26 indicate that the ωB97X-D functional represents a very promising DFT method yielding reasonably accurate data for general main group thermochemistry, kinetics and noncovalent interactions. To assess the uncertainty of energy predictions for the present reaction, we carried out benchmark calculations for an analogous system, namely for the Michael reaction between morpholine enamine of propanal and β-nitrostyrene. 27 In this benchmark study, high-level ab initio relative energies were calculated for the relevant species and transition states utilizing a low-order scaling, local natural orbital (LNO) CCSD(T) method as implemented in the MRCC program suite. 28 LNO-CCSD(T) energies at the complete basis set (CBS) limit were approached via extrapolation techniques employing the augcc-pVTZ and aug-cc-pVQZ basis sets. 29 The obtained LNO-CCSD(T)/CBS quality electronic energies served us as solid reference to estimate the uncertainty of ωB97X-D/6-311++G(3df,3pd) predictions. The mean absolute deviation of the ωB97X-D/6-311++G(3df,3pd) results from the LNO-CCSD(T)/CBS data is found to be 2.0 kcal/mol (the maximum absolute deviation is 2.9 kcal/mol), which is quite reassuring. Even more importantly, the deviations are found to be systematic, so the relative energies of intermediates and transition states reported in our present work can be regarded as reasonable predictions. 30 The approximations employed in the calculation of gas-phase entropic contributions and the empirical ingredients of the polarizable continuum solvent model add further uncertainties to the computed relative Gibbs free energies, which should also be taken into account when drawing conclusions.
RESULTS
Enamine isomers. Enamine species that were formed via fast condensation reactions between catalyst cat and aldehydes have been characterized structurally by several methods including X-ray 31 and NMR 32 studies as well as computations. 14, 15, 33 In accordance with previous computational results, the present method predicts the Es-trans form to be the most stable conformer for the propanal-derived enamine (denoted as en), whereas the sterically most hindered Z-s-cis structure is significantly destabilized (see Scheme 4).
The thermodynamically most favored enamine isomer (en E-s-trans ) displays the same conformations regarding the puckering of the pyrrolidine ring (down conformer) and the orientation of the bulky substituent (sc-exo conformer) as revealed by solution-phase NMR measurements reported by Gschwind ( Figure 2 ). 32b These features are apparent in the en E-s-cis conformer as well, however, the SiMe 3 group in this structure is tilted away from the enamine unit (rotated by 120 degrees around the C-O bond) for steric reasons. Our analysis indicates that conformational changes with respect to these structural parameters (ring puckering, rotations around C-C bond) are kinetically feasible, so we mapped all these conformers at every stage of the reaction (for each intermediate and transition state). 34 The formation of the propanal-enamine (en) is predicted to be nearly thermoneutral (∆G = -0.5 kcal/mol for cat + 1 → en + H 2 O, considering the most stable forms of reaction components), 35 which is consistent with the equilibria observed experimentally for related stoichiometric reactions. 4a C-C bond formation step. Our extensive conformational analysis carried out for the C-C bond formation transition states leading to the four nitroaldehyde product stereoisomers uncovered a set of close-lying conformers on each stereoisomeric pathway, of which the most stable structures are depicted in Figure  3 . 36 All these structures portray that β-nitrostyrene preferentially approaches from the unhindered face of E enamine isomers (either E-s-trans or E-s-cis) with the gauche arrangement of the two double bonds, and having the NO 2 group close to the pyrrolidine ring. 37 These structural characteristics basically reflect the main ingredients of the common steric shielding model including the Seebach-Golinski topological rule. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 may adopt a different conformation as exemplified by TS CC SS (sc-endo conformation of the bulky group). These aspects of conformational complexity were disregarded in previous computational studies, 5, 14, 15 and indeed we find that the transition states identified in our present work do not fully match with those reported earlier. For example, the TS CC RS conformation discussed in our previous paper 5 is fully consistent with en E-s-trans (down pyrrolidine conformation and same orientation of the bulky substituent), however, it is predicted to be 2.4 kcal/mol higher in free energy than that shown in Figure  3 . Furthermore, our comparative analysis with the structures published by Sunoj 14 and Gan 15 reveals deviations not only in the conformations of the pyrrolidine ring and the bulky side-group, but in some cases, also in the E/Z isomerism of the enamine (in TS CC
SS
), and in the position of the NO 2 group of the approaching β-nitrostyrene (in TS CC
RR
). 38 These additional inconsistencies most likely arise from the low level of DFT applied in earlier studies, but the omission of thermal, entropic and solvent effects can have a notable influence on the relative stabilities as well. 39
Figure 3:
The most favored C-C bond formation transition states identified along the four pathways in the reaction between 1 and 2. Relative stabilities are given in kcal/mol with respect to the reactant state (1 + 2 + cat). The developing C-C bond is illustrated by dotted line.
In order to quantify the discrepancies of these predictions in terms of the energetics, we used our present methodology to compute the Gibbs free energies for the previously published transition states as well. 40 The results shown in Figure 4 indicate that transition states identified in this work are almost all lower in free energy than those reported by Sunoj and Gan. The stabilization obtained by finding more favorable conformations with respect to parameters mentioned above (and using a more reliable computational approach) ranges between 2-6 kcal/mol, which is rather significant when the aim is to reproduce and rationalize experimentally observed stereoselectivities. 41 Figure 4 : Relative stabilities of transition states identified in the present and previous computational studies. Free energy data are given with respect to the reactant state (1 + 2 + cat)
Considering the revised free energy data, the stereoselectivity derived from the free energies of C-C bond formation transition states is still in qualitative agreement with experimental findings, although the free energy differences are far less pronounced than those in previous computations. For instance, the ΔΔG ‡ = 1.8 kcal/mol obtained for the free energy difference between the TS CC RS and TS CC SR transition states gives ee = 91% for the enantiomeric excess, which is in reasonable agreement with experiment (ee = 99%). 1b
Cyclic intermediates and their interconversion.
As demonstrated previously, 5 the C-C bond formation process on the (R,S) pathway leads to spontaneous ring closure and the formation of cyclic OO RS species, which can easily transform into more stable cyclobutane CB RS via zwitterion-like transition state. The revised free energy data for these transformations are shown in Scheme 5 along with those obtained for the other three stereoisomeric pathways as well. 42 On the (S,R) pathway, we find very similar ring closure event leading to OO SR . Related IRC calculations indicate that the formation of the six-membered ring occurs in a single step via an asynchronous concerted mechanism (ring closure lags behind C-C bond formation along the reaction coordinate). The OO SR species can easily transform into CB SR , but the OO SR intermediate is notably less stable than OO RS (by 4.2 kcal/mol). On the other hand, cyclobutane CB SR is predicted to be well below the reactant level (at -6.0 kcal/mol) and it represents the second most stable species among the computationally identified stereoisomeric cyclic intermediates. In contrast to previous two routes, en + 2 addition on the (R,R) and (S,S) pathways give cyclobutane intermediates rather than OO species. In these cases, IRC calculations allowed us to characterize high-lying zwitterionic species, which can, however, very easily convert to CB intermediates (see Figure 5 ). 43 The zwitterionic zw RR Scheme 5: Cyclic intermediates formed along the four pathways in the reaction between enamine en and 2. a a Relative stabilities are given with respect to reactant state 1 + 2 + cat (kcal/mol). Data shown in brackets on the arrows refer to relative stabilities of C-C bond formation and interconversion transition states (also with respect to 1 + 2 + cat). The free energy profiles computed for the four C-C bond formation pathways are depicted in Figure 6 for comparison. There are several interesting features worth pointing out in this combined diagram.
Figure 6:
Free energy profiles of the four C-C bond formation pathways leading to cyclic intermediates.
As mentioned above, the transition states corresponding to the C-C bond formation step on the four stereoisomeric pathways are predicted to be confined in a much narrower free energy window (within 3.4 kcal/mol) compared to previous studies. The relative stabilities of cyclic intermediates developed along these pathways cover a significantly broader free energy range (larger than 9 kcal/mol), which can be related to the increased steric congestion in the more compact ring structures. Consequently, isomers with alternating trans-trans arrangement of ring substituents (such as in OO RS or CB RS ) are more favored, but other stabilizing effects (e.g. electrostatic interactions with the positively charged SiMe 3 group) could be important as well. The CB forms of cyclic intermediates are found to be always favored over the related OO species, but the differences in their relative stabilities appear to be overestimated by the computational method applied herein. 45 Among the CB isomers, the experimentally observed CB RS is found to be the most stable form in our computations, but its pseudoenantiomeric form CB SR is predicted to be thermodynamically feasible as well. It is also apparent from Figure 6 (and from data in Scheme 5) that the barriers of OO ↔ CB interconversions are generally lower than those of corresponding C-C bond formation steps (except the CB RS → OO RS and CB SR → OO SR transformations), but they are definitely lower than the overall barriers of the reverse reactions back to the en + 2 state (TS CB-OO lies always below the corresponding TS CC transition state).
Effect of acid co-catalyst. Previous experimental
studies demonstrated that p-nitrophenol (pnp) acts as a general additive in Michael additions of propanal to nitroalkenes resulting in rate acceleration while preserving the excellent enantioselectivities. 4, 5 The acid co-catalyst is likely involved in the rate-determining protonation step delivering the proton to one of the cyclic intermediates or to related zwitterionic species. We have 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 recently examined possible protonation pathways for the present organocatalytic Michael reaction assuming that pnp is the proton source. 5 Considering the (R,S) reaction pathway, we found that the proton transfer takes place preferentially to the C3 atom of the OO RS intermediate without the involvement of zwitterionic states. 46 The barriers obtained for the reactions with β-nitrostyrene and α-methyl-substituted β-nitrostyrene were consistent with the observed rates, and computations could also reproduce the experimental diastereoselectivity of protonation in the latter case, providing support for this protonation mechanism. In our current work, we examined the C-C bond formation process in the presence of pnp for routes (R,S) and (S,R) and followed the corresponding protonation pathways as well. Our main aim was to obtain barriers for the two key steps of the catalytic cycle along the two pathways and correlate them with the proposed stereoselectivity models.
Our calculations indicate that in C-C bond formation transition states, the pnp molecule acts as a hydrogen bond donor interacting with the O atom of the βnitrostyrene (see TS CC RS ···pnp and TS CC SR ···pnp in Figure  7 ). Due to the developing charge on the NO2 unit, this interaction becomes stronger in the transition states as compared to en + 2···pnp, so the barrier of the conjugate addition step decreases notably in the presence of pnp (from 16.7 to 14.0 kcal/mol on route (R,S), and from 18.5 to 17.6 kcal/mol on (S,R)). 47 The computed effect is in line with experimental observations that pnp accelerates the reaction between nitroalkenes and preformed enamines. 48 The two transition states shown in Figure 7 are predicted to lie at 15.9 and 19.5 kcal/mol with respect to the reactant state (1 + 2 + cat···pnp), which now involves a hydrogenbonded complex formed between the catalyst and the acid. 49 With this reference level, the overall barriers of C-C bond formation are quite similar to those computed in the absence of pnp (16.2 and 18.0 kcal/mol, see Scheme 5), so the overall rates of the formation of cyclic intermediates are not expected to change drastically in the presence of acid co-catalyst. 50 . Similarly to what we found for the (R,R) and (S,S) C-C bond formation pathways in the absence of acid, the zwitterionic states of adduct intermediates are energetically high-lying transient species, so the ring closure occurs practically spontaneously in this case too. 51 H-bonding interactions facilitate the OO → CB transformations as well. On the (R,S) pathway, for instance, the barrier of OO RS → CB RS transformation is reduced by 2.3 kcal/mol (from 15.9 to 13.6 kcal/mol) with the pnp co-catalyst. 52 Interestingly, the H-bonded CB RS ···pnp and CB SR ···pnp complexes are slightly less stable than their dissociated forms (CB RS + pnp and CB SR + pnp are computed to be at -5.8 and -3.6 kcal/mol, whereas the corresponding complexes are at -3.7 and -3.4 kcal/mol with respect to reactant state).
Our conformational analysis revealed an array of closelying transition states for the protonation of OO RS and OO SR intermediates, and the most stable structures are depicted in Figure 8 . 53 All these transition states describe a concerted asynchronous mechanism, wherein the opening of the six-membered ring precedes the proton transfer event but without a discrete intermediate species.
On the (R,S) pathway, the located transition state (TS prot
RS
) is predicted to lie only at 11.8 kcal/mol in free energy (relative to the reactant level), but the barrier of this protonation process is 18.1 kcal/mol with respect to the most stable intermediate state (i.e. the OO RS ···pnp H-bonded complex). On the (S,R) pathway, the TS prot SR transition state is computed to be notably higher in free energy (at 15.1 kcal/mol), but the protonation barrier on this route (18.7 kcal/mol) is similar to that found for the (R,S) route. We note that on both protonation pathways the proton donor co-catalyst is in close contact with different units of the developing iminium ion, which provides additional stabilization for the transition states (see Figure 8 ), however, the relative stabilities of the two protonation transition states are primarily determined by the stabilities of the corresponding OO RS and OO SR intermediates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Both pathways involve the two basic steps of the catalytic cycle (C-C bond formation and protonation) connected with the ensemble of OO/CB intermediates, of which only the most stable states are shown (OO RS ···pnp on the major and CB SR + pnp on the minor pathway). 54 Figure 9 : Free energy profile computed for the (R,S) and (S,R) pathways of reaction 1 + 2 → 3 catalyzed by cat and pnp. Relative stabilities (in kcal/mol) are given with respect to reactant state (1 + 2 + cat···pnp). For both pathways, only the most stable states of cyclic intermediates are indicated (for simplicity, they are denoted as int RS and int SR ). ∆G 1 ‡ and ∆G 2 ‡ data refer to barriers of the two basic steps on the major pathway, whereas ∆G 1 ' ‡ and ∆G 2 ' ‡ to those on the minor route.
We note first that the main attributes of the obtained diagram are in good agreement with the observations of experimental mechanistic studies. Computations predict a fast and stereospecific formation of cyclic intermediates (OO RS and CB RS ; ∆G 1 ‡ = 15.9 kcal/mol) that are rather stable and therefore experimentally observable. The subsequent protonation step towards the major product has a larger barrier (∆G 2 ‡ = 18.1 kcal/mol), so TS prot
represents the turnover-determining transition state on this route. The backward reaction from the cyclic intermediates to en + 2 is kinetically feasible as well (the calculated barrier is 22.2 kcal/mol), but in our computations, the protonation process is predicted to be faster as the corresponding transitions state (TS prot
) lies well below TS CC RS ···pnp. 55 On the (S,R) pathway, the formation of the OO SR and CB SR cyclic species takes place via significantly higher barrier (∆G 1 ‡ = 19.5 kcal/mol), which, in fact, slightly exceeds the corresponding protonation barrier as well (∆G 2 ‡ = 18.7 kcal/mol). These barriers are quite comparable, so no clear conclusion can be drawn as to which step is rate-determining on this pathway. Although the reverse process to en + 2 is still viable (through a barrier of 23.1 kcal/mol), the protonation is again more favored kinetically.
On the basis of the overall free energy diagram, it is by no means straightforward to associate the stereoselectivity of the present reaction with a single elementary step as implied by the two stereoselectivity models proposed in the literature (see Figure 1 ). The computed free energy profile strongly suggests, however, that the diastereomeric cyclic intermediates formed in the present reaction cannot be regarded as rapidly interconverting intermediates. The Curtin-Hammett conditions are not met because the int RS intermediates evolving on the major pathway are not able to equilibrate with the int SR isomers for two reasons: a) the kinetic barrier of the int RS → int SR transformation on the reverse pathway is relatively high (25.8 kcal/mol via TS CC SR ···pnp); b) the int RS intermediates would rather undergo protonation via TS prot RS and then hydrolysis to yield the major product (3 RS ). These results thus do not support the Curtin-Hammett stereocontrol model proposed by Blackmond et al. The obtained free energy profile is actually more compatible with the steric shielding model, because it suggests that the C-C bond formation step is decisive in stereocontrol even though the overall reaction rate is regulated in an ensuing reaction step of the catalytic cycle. In other words, the elementary step controlling the enantioselectivity does not coincide with the rate-determining step in the present catalytic cycle. 56 This kinetic feature is clearly related to the high stability of downstream OO/CB intermediates, which does not allow a fast backward reaction and make the C-C bond formation practically irreversible.
Relevance to back reaction screening experiments.
As noted in the introduction, the findings of mass spectrometric studies reported by Pfaltz and Wennemers were suggested to support the Curtin-Hammett scenario of stereocontrol, 10 so it is relevant to relate our results to the experimental observations. In these experiments, the back reaction of mass-labeled quasi-enantiomeric nitroaldehyde products was monitored by electrospray ionization mass spectrometry (ESI-MS). The high sensitivity of this analytic technique enabled the detection of enamine intermediates produced upon the retro-Michael reaction with various chiral amine catalysts, and the measured ratio of the two massspectrometrically distinguishable enamines could be used to determine the enantioselectivity of the back reaction.
For tripeptide catalysts bearing a carboxylic acid moiety, 57 the measured ratios were in excellent agreement with the enantioselectivities of the preparative forward reactions between 3-phenylpropanal (4) and βnitrostyrene (2) supporting the concept that the properly positioned carboxylic acid group of the tripeptide facilitates the protonation step, so C-C bond formation becomes turnover-limiting. Similar back reaction screening experiments with the Jørgensen-Hayashi catalyst (cat) gave significant differences in the enantioselectivities of the forward and back reactions (an example is shown in Scheme 6). The observed mismatch in this latter case was interpreted as an evidence that the stereoselectivity is not governed by the C-C bond formation between the enamine and the nitroalkene, but instead it is determined in the protonation step, which would indeed be in line with the Curtin-Hammett stereocontrol model. The free energy profile we obtained for the 1 + 2 → 3 reaction ( Figure 9 ) suggests that both steps of the back reaction are reversible, and the individual barriers on the pathways back to the enamine intermediate are quite comparable (see Figure 10 for comparison). 58 Consequently, the ratio of labeled enamines formed in the back reaction might not be anticipated simply from the free energy data, but a more elaborate kinetic analysis that takes into account the population of all involved states (concentration effects) is required. To this end, we have performed kinetic simulations using the COPASI package. 59 This modelling tool provides numerical solutions to the differential rate equations and allows us to derive kinetic profiles and to follow the concentration of all species over the course of the reaction.
In our kinetic models, the rate equations were defined according to the present two-step scheme, but also including the fast equilibrium between the aldehyde + cat and enamine + H 2 O states. The rate constants were expressed in terms of free energy differences and they were varied and optimized so as to reproduce the experimental observations and get minimal deviation from an arbitrarily chosen free energy profile. Various sets of kinetic parameters reflecting the qualitative features of the computed free energy diagram were tested, and they could all reproduce the mismatch in the enantioselectivity of the forward and back reactions observed in the ESI-MS back reaction screening experiments. 60 For instance, parameter optimization using the computed free energies as a reference data set and experimental data reported for the analogue reaction (Scheme 6) gave only slight deviations from the reference free energy values. As indicated in Figure 10 , the largest deviations are only 1.1-1.2 kcal/mol. The free energies of C-C bond formation transition states adjust well to the enantioselectivity measured for the preparative reaction. With the optimized data, ∆∆G 1 ‡ = 1.3 kcal/mol, which corroborates that the stereoselectivity of the forward reaction is indeed governed by the C-C bond formation step. The barriers of the back reaction vary by less than 2.5 kcal/mol as well, and interestingly, the barrier of C-C cleavage on the major (R,S) pathway becomes clearly higher than the other barriers towards the enamine species (see ∆G -1 ‡ = 23.3 kcal/mol in Figure 10 ). 61 The increased barrier of this step delays the production of enamine along this pathway, particularly in the initial phase of the reaction, when the concentrations of the downstream intermediates are low. This is clearly borne out by the kinetic simulations as illustrated in Figure 11 . Figure 11b along with the experimental data. We recall that the enantioselectivity of the preparative reaction is determined at near completion of the Michael process, 62 but the ESI-MS measurements for the back reaction are carried out within short time from the beginning of the reaction (in 2 minutes in the present case). Simulations reproduce the measured selectivities, however, the graph reveals strong variation of this property in the initial stages of the two reactions both starting with reversed sense of stereoselection as compared to that of the preparative reaction. In the forward reaction, the enantiomeric ratio (er) converges rapidly to the 89:11 asymptote, whereas this limit is reached much latter in the back reaction.
We note that all our attempts to reproduce the experimental selectivity data and the observed mismatch with free energy profiles compatible with the steric shielding and the Curtin-Hammet models have failed in that the free energy parameters obtained from optimization were not consistent with these models. 63 Based on these results we propose an alternative rationalization of the enantioselectivity mismatch observed in back reaction screening experiments for reactions catalyzed by the Jørgensen-Hayashi catalyst. In this alternative view, the mismatch is not related to rapid equilibration of downstream intermediates, but on the contrary, it is rather due to relatively high barrier from the downstream intermediates to the enamine species, which is comparable, or even higher than that associated with the protonation step. In the initial phase of the back reaction, the enantioselectivity does not depend only on the C-C bond formation transition states, but also on the stability of downstream intermediates and on the rate of their formation resulting in time dependence in the enantioselectivity. 64 With kinetic models that assume much lower barrier either for step 2 (steric shielding model) or for step 1 (Curtin-Hammett scenario), the steady state of the catalytic reaction is reached almost instantaneously, and in the steady state regime, the enantioselectivity of the back reaction is identical to that of the forward process. 65 Experimental evidence for time-dependent enantioselectivity of the back reaction. To our knowledge, no experimental information is available on the variation of the enantioselectivity during the progress of the back reaction, so we intended to examine this issue via ESI-MS measurements. We prepared the (R,S) and (S,R) stereoisomers of nitroaldehyde 5 with Me and Et substituents in the para-position of the phenyl ring, respectively (see Scheme 6), from corresponding aldehydes and β-nitrostyrene using the catalyst cat and its enantiomer ent-cat. 66 When these Michael additions were carried out in DMSO with 10 mol% of catalyst cat and 10 mol% of pnp additive, we obtained er = 91:9 (5 RS /5 SR ), which is in close agreement with that reported by Pfaltz and Wennemers. 10a
The back reaction was carried out under the same conditions starting from an equimolar mixture of masslabeled nitroaldehydes (5 RS-Me and 5 SR-Et in our case). This reaction was monitored by ESI-MS measurements using samples taken at different times from the reaction mixture and diluted with MeOH prior to the analysis. The ESI-MS signals of mass-labeled enamines (en Me and en Et ) formed upon the reaction could be clearly detected, and based on their relative intensities, the enantiomeric ratios were determined. Two independent back reaction screening experiments were carried out using the same substrates, but altering the catalyst (cat and ent-cat). The results are compiled in Figure 12 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reaction (at t = 0.5 min in our case) differs significantly from the er of the forward process (91:9). The two independent measurements gave 62:38 and 46:54 with catalysts cat and ent-cat), which are in reasonable agreement with the previously reported ratio (33:67), although these findings point to quite notable uncertainty of the present enantioselectivity monitoring technique for the initial phase of the back reaction, which is quite likely related to particular reaction conditions. 67 As predicted by kinetic simulations, the enantiomeric ratio varies strongly in this period and it approaches the er of the forward reaction. After 50 minutes or so, the ratio tends to decrease again indicating that racemization occurs in the reaction mixture. These results provide clear evidence for the time variance of the ratio of mass-labeled enamine species produced in the retro-Michael reaction, which is not due to the racemization of quasi-enantiomeric Michael products, but it rather follows from the special kinetic feature revealed in our present work. 68 The more complex stereoselectivity model that emerged from our computational analysis and kinetic simulations could thus be supported experimentally.
SUMMARY AND CONCLUSIONS
Recent mechanistic investigations on conjugate addition reactions catalyzed by the Jørgensen-Hayashi chiral amine have contributed to our understanding of the basic steps of enamine catalysis, but they have also brought up several controversial issues. In our present work, we assessed the validity of two conflicting stereoselectivity models via computational analysis carried out for the Michael addition of propanal to βnitrostyrene. We focused on two key elementary steps of the catalytic cycle that are known to govern the rate and the stereoselectivity, namely on the C-C bond formation and the subsequent protonation events.
The transition states and reaction intermediates involved in these processes are conformationally complex species, and a reliable structural and energetic characterization requires a thorough conformational sampling. Conformational changes related to the puckering of the pyrrolidine ring and the orientation of the bulky substituent of the catalyst are kinetically allowed, so the conformational search should cover these degrees of freedom as well. Computations disregarding this component of conformational complexity may lead to significant inaccuracy in stereoselectivity predictions.
The most favored transition states identified along the four different stereoisomeric C-C bond formation pathways are consistent with the common steric shielding model as the addition preferentially occurs on the unhindered face of the E-enamine intermediate. The NO 2 group of the approaching β-nitrostyrene is always in the close proximity of the pyrrolidine ring, which enables a facile ring closure straight after the C-C bond formation either leading directly to cyclic OO and CB intermediates, or involving transient zwitterionic intermediates before ring closure. The interconversion of these downstream intermediates takes place in a single step through relatively low barriers. The acid co-catalyst pnp stabilizes the transition states of both C-C bond formation and OO ↔ CB interconversion steps via H-bonding interactions lowering the related barriers.
The mechanism of the protonation process has not been fully established in previous works, but the computational analysis offers a plausible pathway. Accordingly, the stereoisomeric OO species can be protonated by the acid co-catalyst producing iminiumphenolate ion-pair intermediates. The computed protonation barrier, at least for the formation of the major stereoisomeric product, is notably higher than that of the preceding addition step, which is in line with experimental observations that classify the protonation to be rate-determining. The transition states of proton transfer processes lie well below the corresponding C-C bond formation transition states, implying that fast equilibration of the stereoisomeric cyclic intermediates is inconceivable, which rules out the Curtin-Hammett steroselectivity control in this reaction. The reaction rate is dictated by the protonation step, but yet the stereoselectivity is determined before by the C-C bond formation transition states. It therefore seems that the originally proposed and the widely used steric shielding model is still applicable for the present Michael reaction. Introducing various substituents in the reactants (R 1 and R 2 in Scheme 1) can of course greatly influence the stability of downstream intermediates and also the barrier heights of the two key steps of the catalytic cycle, so further computational and experimental studies are required to assess the generality of these conclusions. Investigations along these lines are in progress in our laboratories and we think they may clarify other mechanistic disagreements as well.
The back-reaction screening method is a valuable tool for evaluating the enantioselectivity determining step for the vast majority of reactions. However, the interpretation of the results obtained for the reaction examined herein required revision in light of the kinetic scenario revealed in our present work. Our detailed kinetic analysis suggests that the experimentally observed mismatch in the enantioselectivities of the forward and back reactions cannot be interpreted in terms of simple stereoselectivity models that associate the stereocontrol with a single elementary step (i.e. C-C bond formation or protonation), but a two-step scheme with qualitative features described above provides a reasonable explanation for these observations as well. The delicate balance between the barriers on the competitive stereoisomeric pathways in the back reaction determines the initial ratio of mass-labeled enamines, which can differ from that measured for the preparative reaction. According to this kinetic scheme, the enantioselectivity of the retro-Michael process is expected to vary in time along the reaction course and approach the enantioselectivity of the forward reaction, which could be demonstrated experimentally in our present work. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (35) The predicted ∆G deviates slightly from that reported in our previous work (∆G = -1.6 kcal/mol; see ref. 5), because our present computational analysis revealed a more stable form for the catalyst molecule (for details, see Supporting Information).
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(36) The number of TS conformers found within a 2 kcal/mol free energy window on the four C-C bond formation pathways ranges between 2-6 (for a detailed analysis, see Supporting Information).
(37) The preference of transition states with the NO2 groups close to the pyrrolidine ring is due to attractive electrostatic interactions between these groups (for a related analysis, see Supporting Information).
(38) For a detailed comparison of transition states and their relative stabilities, see Supporting Information.
(39) In previous studies (refs. 14 and 15), the DFT calculation were carried out at B3LYP/6-31G* level, and the relative energies of transition states were estimated from gas-phase electronic energies. For a detailed discussion on the origin of discrepancies, see the Supporting information. For the limitations of the B3LYP functional, see: Kruse, H.; Goerigk, L.; Grimme, S. J. Org. Chem. 2012, 77, 10824-10834.
(40) The most stable transition states reported in refs. 14 and 15 were reoptimized at the ωB97X-D/6 311G(d,p) level and we used the same protocol as described in the Computational Details to get solution-phase Gibbs free energies for these structures.
(41) Note that applying the present computational method to transition states reported by Gan gives an opposite sense of enantioselectivity.
(42) The optimized structures of the most stable OO and CB stereoisomers are provided in the Supporting Information along with the IRC pathways that confirm the concerted mechanism of OO ↔ CB interconversions.
(43) The profile obtained for the (S,S) pathway is reported in the Supporting Information. Results of IRC calculations for all four C-C bond formation pathways are also provided in the Supporting Information.
(44) In principle, other isomeric structures of the OO and CB species can be generated in the en + 2 addition reaction, which differ in the absolute configuration of the ring sp 3 carbon atoms that are not involved in C-C bond formation. A short discussion on these isomers is presented in the Supporting Information.
(45) In our previous kinetic study of the 1 + 2 reaction, the OO RS species could be detected in considerable concentration (with [CB RS ]:[OO RS ] ≈ 6) pointing to a smaller free energy difference than computed herein. Our benchmark calculations also indicate that the relative stability of the CB species is overestimated by about 3 kcal/mol (see Supporting Information).
(46) Alternative protonation pathways, i.e. the protonation of the N-oxide group of OO RS and the protonation of the CB RS intermediate were found to be far less favored in our previous work (see the SI material of ref 5).
(47) These data refer to free energy differences between TSCC and en + 2 states in the absence and in the presence of pnp. For details, see Supporting Information.
(48) Reactions between enamines and nitroalkenes are rapid processes even in the absence of acid co-catalysts, however, the accelerating effect of pnp could be clearly demonstrated for reactants with bulky substituents (see ref. 4a).
(49) The cat···pnp complex is 2.4 kcal/mol more stable than the separated molecules. For details, see Supporting Information.
(50) We note that the absolute values of the barriers represented by the TSCC RS and TSCC SR versus the TSCC RS ···pnp and TSCC SR ···pnp C-C bond formation transition states should be compared with caution as the two reactions (without and with pnp) differ in molecularity (bi-versus termolecular reactions). The uncertainty of entropic contributions is of particular concern in such comparison.
(51) For details, see Supporting Information.
(52) For a detailed description of the OO RS → CB RS transformation, see Supporting Information.
(53) For additional transition structures, see Supporting Information.
(54) Note that on pathway (R,S) the CB RS + pnp state is only 0.5 kcal/mol less stable than the OO RS ···pnp complex.
(55) The reversibility of the conjugate addition step could actually be demonstrated via crossover experiments using electronically or sterically destabilized CB species (derived from propanal and p-OMe-β-nitrostyrene or isobutyraldehyde and βnitrostyrene; see ref. 3a). These reactions were carried out in the absence of acid, so the barrier of protonation is expected to be higher than that of the backward process to the enamine + nitroalkene state enabling the crossover between different cyclobutane species.
(56) For an example, where the selectivity and the reaction rate are controlled by different steps, see: Schmidt,S.; Baráth, E.; Larcher, C.; Rosendahl, T.; Hofmann, P. Organometallics 2015, 34, 841-847. (58) We performed DFT calculations for the reaction between 3-phenylpropanal and β-nitrostyrene examined in back reaction screening experiments and obtained a similar free energy diagram displaying the same qualitative features as those of the 1 + 2 reaction. For details, see Supporting Information. (60) For detailed description of kinetic simulations and results, see Supporting Information.
(61) The increased barrier of the C-C cleavage step on the major pathway appears to be a general kinetic feature to obtain reversed enantioselectivity in simulations for the back reaction. For details, see Supporting Information.
(62) The reaction time of the preparative Michael addition is not specified in ref. 10a, so we assumed that at the applied conditions the forward reaction reaches 90% conversion within 3 hours. This estimation is based on a previous work by Seebach et al (see ref. 4a).
(63) For details, see Supporting Information.
(64) Using the rate equations of the present two-step kinetic model with the initial conditions applied in the back reaction screening experiments, the expression obtained for the initial ratio of mass-labeled enamines in the back reaction (i.e. at t = 0)
is ‫ݎ݁‬ = ݁ (௱ீ షభᇲ ‡ ି ௱ீ షభ ‡ ା ௱ீ షమᇲ ‡ ି ௱ீ షమ ‡ )/ோ் , where ∆Gi ‡ denote the four barriers of the back reaction (see also Figure 10 ).
(65) For related analysis of rate equations, see Supporting Information.
(66) For preparation methods, see Supporting Information.
(67) Both forward and backward reactions require mixing (stirring or shaking) of the DMSO solution to start and proceed. The presence of water can also affect the measured ratios.
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